Aluminium-based composites are increasingly applied within the aerospace and automotive industries. Tribological phenomena such as friction and wear, however, negatively affect the reliability of devices that include moving parts; the mechanisms of friction and wear are particularly unclear at the nanoscale. In the present work, pin-on-disc wear testing and atomic force microscopy nanoscratching were performed to investigate the macro and nanoscale wear behaviour of an Al-Al 2 O 3 nanocomposite fabricated using selective laser melting. The experimental results indicate that the Al 2 O 3 reinforcement contributed to the macroscale wear-behaviour enhancement for composites with smaller wear rates compared to pure Al. Irregular pore surfaces were found to result in dramatic fluctuations in the frictional coefficient at the pore position within the nanoscratching. Both the size effect and the workingprinciple difference contributed to the difference in frictional coefficients at both the macroscale and the nanoscale.
Introduction
Aluminium-based metal matrix composites (AMCs) are widely used in the aerospace, defence and automotive industries because of these materials' lightness, high specific strength, excellent wear resistance and controllable expansion coefficient [1] [2] [3] . Brake rotors, pistons and connecting rods are among the betterknown applications of AMCs in the automotive industry [4] . A wide range of reinforcement particulates, including Al 2 O 3 , SiC, B 4 C, TiC and TiO 2 , are generally used [5] . Compared to other reinforcements, however, nanoscale Al 2 O 3 particulates are capable of improving both their wear behaviour and their high-temperature properties without introducing any undesirable phases; for this reason, nanoscale Al 2 O 3 particulates are widely used with AMCs [6] .
Tribological phenomena such as friction and wear are significant determiners of the life and performance of assemblies with moving parts. The mechanisms of friction and wear are particularly unclear at the nanoscale, which limits the development of microsystems technologies [7] . Atomic force microscopy (AFM) is widely used in various nanotechnology and nanomanufacturing applications because of its low cost and its ability to achieve atomic-level manipulation using a relatively simple system. Because AFM is capable of applying extremely small forces and visualising surface topography with a resolution below 0.1 nm [8, 9] , the method can thus be used to investigate nanoscale friction and wear behaviour. Another advantage of AFM is that the technique can simulate a single-asperity contact situation against a counter surface, which provides a way to investigate the friction mechanisms involved in ultra-precise components. The basic operating principle of AFM involves scanning a specimen surface under a controlled load using a sharp tip, normally made of silicon, silicon nitride or a diamond coating; the sensors that are employed can then detect atomic-scale interaction forces with a nano-Newton resolution [7, 10, 11] .
Fabricating the customised and functional components that are used in the aerospace and automotive industries, however, is always a challenge when using traditional manufacturing technologies. Based on the layer-by-layer manufacturing principle, additive manufacturing (AM) technology provides an integrated way to manufacture three-dimensional (3D) complex-shaped components from computeraided design files; AM is one of the most rapidly developing advanced manufacturing technologies in the world [12] [13] [14] . Amongst current AM techniques, selective laser melting (SLM) is widely used to manufacture 3D complex-shaped metallic parts [15] .
The SLM of Al-Al 2 O 3 nanocomposites thus has significant potential for the fabrication of advanced engineering components. Furthermore, the development of SLM technology has led to composite materials finding more applications in aerospace and automotive industries. Recently, interest has emerged with regard to using SLM to manufacture micro-electro-mechanical systems (MEMS) [16] such as MEMS gyroscopes that are widely used in modern cars and planes. The wear behaviour may be a significant determiner of their life and performance; due to the length scale limitation, the macro wear test (e.g. pin-on-disc testing) is inapplicable to study the wear behaviour however, the micro wear test (e.g. AFM nanoscratching) is thereby employed to study the nanoscale wear behaviour in order to predict and improve the life and performance of the MEMS gyroscopes.
Porosity is the primary defect to occur during the SLM process; pores may be categorised as either metallurgical pores or keyhole pores [17, 18] . Ideally, parts should be produced without porosity, since this defect can significantly influence friction and wear behaviour, particularly with nanoscale tribological performance.
Several recent studies have reported the macroscale wear performance of parts that were fabricated by SLM and other conventional processes. For instance, Kang et al. [19] employed dry sliding to investigate the wear behaviour of hypereutectic Al-Si alloys fabricated by SLM and found that nanosize Si particles grew to become larger particles due to extended solidification times when the laser power was greater than 210 W, which in turn resulted in poor wear resistance of the fabricated samples. Jue et al. studied the microstructure and mechanical properties of SLM-fabricated Albased composites and found that the microstructural features and hardness of the composites were the dominating factors to determine wear performance during pinon-disc testing [20] . Sun et al. investigated the sliding wear characteristics of SLM 316L stainless steel and found that the wear rate of SLM steel was dependent on the porosity and by obtaining full density it was possible to achieve wear resistance similar to that of standard bulk 316L steel [21] . Baradeswaran and Perumal investigated the wear characteristic of Al 7075/graphite composites that were fabricated using conventional liquid casting technique; their study found that the wear rate decreased with addition of graphite content and reached the minimum at 5 wt.% graphite [22] . Lacob et al. studied the wear rate of the Al/Al 2 O 3 /Gr hybrid composites produced via powder metallurgy and found that a low wear rate exhibited by the composites because of the presence of Al 2 O 3 and Gr which functioned as load bearing and solid lubricant, respectively [23] .
The effects of surface roughness and rugged topography on friction behaviour are well known, but the influence of the particular shape of keyhole pores that are formed during SLM on the nanoscale friction and wear behaviour has not previously been investigated. Accordingly, the aim of the current work is to employ pin-on-disc tribometry and AFM nanoscratching to investigate both the macroscale and nanoscale wear behaviour of SLM-fabricated composite specimens. The study examines the influences of Al 2 O 3 reinforcement on macroscale-wear performance using pin-on-disc wear sliding; it also investigates the influences of keyhole pores on frictional-coefficient distribution under different applied normal loads using AFM nanoscratching. The contact of the AFM tip with the composite samples is similar to the contact of asperities during two surfaces sliding, and so investigating this adds to the understanding of micro-and macro scale friction behaviour. The study of micro behaviour also contributes to understanding the influence of different phases (Al and Al 2 O 3 in present work) on microscale behaviour (e.g. friction and wear) within composites.
Materials and methods

Materials and sample preparation
The materials used in this study included gas-atomised Al (-325 mesh, 99.5%) previous publications [24, 25] .
A Renishaw AM250 (Renishaw Plc, New Mill, UK) SLM system that employs a modulated ytterbium-fibre laser with a wavelength of 1,071 nm was used to prepare 8 x 8 x 8 mm cubic samples. The samples were built within an argon atmosphere to minimise oxidation during the processing. A striped fill-hatch-type scanning strategy was employed for the study; the rotational angle between each adjacent layer was set to 67° to eliminate the chance of scan lines repeating themselves directly on top of one another (which would create poor material properties). The cubic samples were fabricated under the optimum condition of 200 W laser power and an exposure time of 250 µs, which is equivalent to a 300 mm/s scanning speed (Fig. 1b) . Fig. 1c shows the top surface of a polished sample in which a few keyhole pores and microcracks have formed. The porosity on the composite specimen surface (Fig. 1c) was evaluated using ImageJ software, and was found to be 0.168%. The average circularity of the keyhole pores was 0.812 and the measured pore size varied from 10 to 38 µm with an average value of 22.4 µm. Furthermore, the as-fabricated cubic samples were both horizontally and vertically sectioned to investigate the spatial distribution of Al 2 O 3 particulates; the Al 2 O 3 particulates were found to distribute fairly uniformly amongst the Al matrix. Fig. 1d shows the distribution of Al 2 O 3 particulates in the vertically sectioned cubic sample. The distribution density of Al 2 O 3 was also evaluated using ImageJ software, and was found to be 13.9%; the circularity of the measured Al 2 O 3 particulates was 0.81 with an average size of 350 nm; a few clusters were still formed though. 
Analytical techniques
An in-house developed pin-on-disc tribometer was used to conduct the macroscale wear test at room temperature. The normal load to be applied was set to be 1N for the as-fabricated composite and pure Al samples. The rotation diameter, sliding speed and sliding time were 7 mm, 25 rpm and 30 min, respectively. The frictional coefficient ( ) was recorded during the wear tests. The wear rate ( ) may be expressed as:
( 1) where denotes the volume loss of the specimen, and and represent the applied normal load and sliding distance, respectively. may be determined by:
where denotes the weight loss of a specimen after the wear test, while is the density of the specimen.
A commercial AFM instrument (Park Systems XE-100, Suwon, South Korea) equipped with a pyramidal diamond tip (DNISP, Veeco Inc., USA; tip radius < 40 nm) was used to scratch the polished composite sample at room. The ambient was temperature controlled, which was 21±0.5 ºC, and the humidity was measured using the rotronic HYGROLOG hygrometer (Crawley, West Sussex, UK), which was 43.2±1.3%. The average spring constant of the cantilever was 221 N/m. The scratching speed was fixed at 2 µm/s, using different normal loads ranging from 10-40 µN in order to investigate the influence of the keyhole pores on the wear behaviour at the nanoscale level. The frictional force ( ) under specific normal load during the AFM nanoscratching may be determined by:
where denotes the voltage-output difference between the scratching and nonscratching stages; this difference was recorded by the position-sensitive detector (PSD) in the horizontal plane. represents the conversion factor between the lateral voltage output and the frictional force. More details on the process of determining the value of may be found in the literature [26, 27] . The frictional coefficient was thus obtained by dividing the friction force ( ) by the applied normal force ( ). The wear rate ( ) within AFM nanoscratching may be attained by dividing the grooved crosssectional area by the applied normal load. Vickers microhardness tests were performed using Innovatest (Maastricht, Netherlands) with a 100 g load and 10 s dwell time. In comparison with pure Al, the composite specimen offered a slight improvement in average frictional coefficient, which could be explained by the uniform distribution of the Al 2 O 3 reinforcement amongst the Al matrix. Because of the significant hardness difference between the Al 2 O 3 and Al phases, part of the Al 2 O 3 particulates were exposed outside the Al matrix after the polishing process, which in turn resulted in a rougher surface topography than was the case with the pure Al specimen. This situation was confirmed by the 3D AFM topography image (Fig. 2c ). Fig. 2d shows the wear rate of the composite and pure Al specimens after the wear tests (7 and 11.5 x 10 -4 mm 3 /Nm, respectively). Compared to the pure Al specimen, the composite exhibited better wear behaviour with a lower wear rate, which could be attributable to the addition of Al 2 O 3 reinforcement.
Results
Macro-wear behaviour and microstructure
Scanning electron microscopy (SEM) images of both composites and pure Al specimens following the wear tests are shown in Fig. 3 to help visualise the wear mechanism of SLM-produced composites during these tests. Fig. 3a(1-3) shows the wear trace of the composite specimen with different magnifications. It is clear that several microchips were produced and narrow grooves were left on the specimen surface ( Fig. 3a-3 ), which implies that the dominating wear mechanism was abrasive wear. It should be noted that the delamination occurred on the composite surface; with continued sliding, the upper layer delaminated from the specimen surface and subsequently formed microchips and wear particles. Compared to the composite specimen, the pure Al specimen tended to offer poorer wear behaviour, and flake spalling was observed on the worn surface ( Fig.   3b-2) . A larger number of parallel and narrow grooves were formed on the worn specimen surface due to the generation of microchips and wear particles (Fig. 3b-3 ).
Since the Al specimen exhibited higher porosity than the composite specimen, a relatively large pore was also observed on the worn surface of the pure Al specimen.
In addition to the Al 2 O 3 reinforcement, the improvement in wear resistance of the composite specimen is also induced by the fine microstructure that was formed during the SLM. Fig. 4 shows the microstructure of the as-fabricated composite sample fabricated at 300 mm/s. Fig. 4a (1-3) shows the microstructure of the asfabricated horizontally (perpendicular to building direction) sectioned sample with three different magnifications. The molten pool tracks after solidification were clear and intact without obvious porosity present, thus implying that alumina particulates showed good wetting ability and that dense parts could be produced under the process parameters that were employed. The as-fabricated sample showed a granular microstructure; the microstructure was considered to be that of aluminium caused by the rapid solidification due to the laser irradiation, as reported by Kimura et al. [28] . Furthermore, the microstructure at the molten pool region showed different development; in that case, a relatively fine microstructure was observed within the molten pool as compared to the coarse microstructure found at the boundary regions of the molten pool ( Fig. 4a-2, 3) . (Fig. 4b-1 ). It should be noted that columnar grains were formed and grew along the building direction -or rather they grew along the positive temperature gradient (Fig. 4b 2-3) . Generally, during the SLM process, the powder layer is irradiated and the induced heat energy is transferred from the surface of a deposited powder layer to the solidified layers underneath; columnar grains form during the solidification process due to the temperature gradient within the molten pool. In the present study, the grains that formed in the solidified layers underneath also grew along the temperature gradient and further formed columnar grains because of the heat conduction and remelting process; dendrite microstructures were thus formed ( Fig. 4b 2-3 ). Fig. 5a shows a schematic of AFM nanoscratching and the pyramidal diamond tip that was used in this study, with a nominal radius of less than 40 nm, as indicated in the SEM image. Fig. 5b shows a 3D AFM image of the sample that was scratched under the normal load of 30 µN. As the figure shows, a clear groove through a keyhole pore was generated, along with produced pile-up. The lateral voltage output difference and Z signal were then captured (Fig. 5c ). The lateral signal was used to determine the friction force during the scratching by using Eq. (3); the conversion factor was calculated using a standard calibration grating, which was 23.75 µN/V.
nanoscale wear behaviour
The Z signal output indicates the surface roughness of the scratched path; a hole in the sample surface is generally indicated by a convex shape; a surface hill, in contrast, would be indicated by a concave shape in the captured Z signal graph. A clear convex profile was captured in the Z signal graph, which indicates that the marked keyhole was scratched and recorded. It should be noted that the lateral signal fluctuated after the beginning of the scratching and continued until the end; this may be explained by the uniform distribution of Al 2 O 3 particulates, which were exposed outside the Al matrix after the polishing and thus resulted in a rough sample surface. Another phenomenon that should be mentioned is that the lateral signal experienced relatively dramatic fluctuations at the pore position, which suggests that the pore surface could have an important effect on the friction-force distribution during the AFM scratching.
It should be reminded that keyholes are actually defects that occur during the SLM process and that, ideally, parts should be produced without them, as they could The variation in lateral force can be explained by the fact that the tip was trying to follow the path of least resistance and some lateral movements were thus detected. Since the keyhole pore plays an important role in lateral-force distribution, the friction-coefficient distribution would also be affected during AFM nanoscratching.
The friction coefficient is the division of friction force by applied normal load; Fig. 7 shows the friction-coefficient distribution with respect to scratching time under different normal loads, varying from 10 µN to 40 µN. In addition to the friction coefficient, another significant indicator that is often used to characterise nanoscale-friction behaviour during AFM nanoscratching is the material wear rate. The wearing of the pyramidal diamond tip during the scratching was assumed to be zero in this work in order to calculate the material wear rate. Fig.   8 shows the measurements of the groove depth and width under an applied normal load of 30 µN. Fig. 8a shows a typical AFM image of a groove; three different positions (a, b and c) on the groove were chosen to determine the groove dimensions by averaging the three measurements. The cross-sectional profiles of the three marked positions are shown in Fig. 8b ; the groove profile was assumed to be triangular when calculating the section area. As the figure shows, the three different positions shared nearly the same measured width ( ) of 313 nm; the measured depth ( ), however, varied from 104 nm to 114 nm. This is thought to be due to the addition of nano-Al 2 O 3 particulates, which offer higher hardness when the tip touches these particulates at the groove bottom; a relatively shallower depth could thus be obtained, such as the chosen position 'a' shown in Fig. 8a . calculated wear rate and friction coefficient in relation to normal load.
Discussion
Formation of keyhole pores
The as-fabricated cubic composite samples exhibited porosity and microcracks, as shown in Fig.1d . Keyholes are defects that occur during the SLM process. Parts should ideally be produced without them, since they tend to increase wear rates by reducing surface contact areas against opposing abrasive surfaces [29, 30] . The formation of keyhole pores may be induced by the laser's working-mode transition from conduction to keyhole mode. This mechanism may be the dominating factor when relatively high laser power and low scanning speeds are employed when processing certain metal powders (e.g. aluminium and its alloys). to the pool edge [31] . When the temperature on the surface ( ) becomes greater than the material's boiling point ( ), strong vaporisation occurs; the induced recoil pressure, together with the Marangoni convection, causes a change in the molten pool shape and subsequent splashing. The collapse of the vapour cavity that is produced by the recoil pressure also results in the formation of keyhole pores; this process can be completed within 5 µs [32] . King et al. [33] have determined that, for a laser-spot size of tens of microns, the ejection of the molten material is independent of spot size. The condition can thus be considered to be the threshold for the generation of recoil pressure.
Wear rate and microhardness
The wear rates of the composite and pure Al specimens were determined to be 7 and 11.5 x 10 -4 mm 3 /Nm, respectively (Fig. 2d) . Previous studies have found that the abrasive-wear resistance is proportional to the part's hardness; abrasive wear can thus be reduced by increasing the hardness of materials (e.g. via heat treatment) or by reducing the normal load [19, 34] . Fig. 11 
Nanoscale-wear behaviour with normal load
The AFM nanoscratching results indicated that the frictional coefficient increased with an increase in applied normal load (Fig. 7) ; this situation may be explained by a change of the contact condition and the adhesion force between the AFM tip and the specimen. Specifically, an increase in the normal load generally results in an increase in groove depth; when the groove depth is greater than the height of the diamond tip's spherical apex (with a tip radius of less than 40 nm), the dominant contact condition between the tip and the specimen becomes pyramidal rather than spherical. A pyramidal contact offers a larger contact area and further increases the adhesion force; an increase in adhesion force between tip and specimen thus leads to an increase in the friction force and friction coefficient. This finding is in agreement with [35] , in which an AFM was used to investigate the fundamental micro-wear rate;
that study found that the increase in adhesion force due to an increased contact area caused the contact pressure to increase during the scratching when a Si 3 N 4 tip was employed to scratch a Si specimen surface with an applied load from 10 to 800 nN.
According to the wear behaviour that the composite exhibited in this study (Fig. 9) , the average groove depth (52 nm) under a 10 µN normal load was found to be slightly larger than the height of the diamond tip's spherical apex, with a tip radius of less than 40 nm (Fig. 9a) . This situation implies that the contact condition included a spherical contact that was induced by the tip radius and pyramidal contact, which in turn was induced by the pyramidal shape of the tip. With an increase in the normal load to 40 µN, the groove depth increased and the pyramidal contact became the dominating contact condition. The increased contact area led to an increase in adhesion force and further contributed to an increase in the friction coefficient. This verifies the hypothesis that the increase in friction coefficient shown in Fig. 7 may be attributed to the change in the contact condition. The variation trend of the wear rate showed agreement with the friction coefficient trend; both can be explained by the change in contact condition within the AFM nanoscratching.
Conclusions
This study employed pin-on-disc tribometry and AFM nanoscratching to explore the macroscale and nanoscale wear behaviour of Al-Al 2 O 3 nanocomposites that had been fabricated by selective laser melting. It investigated the influence of Al 2 O 3 reinforcement on the macroscale wear behaviour of the as-fabricated specimens; it also examined pores that were formed within the SLM process on lateral-force and frictional-coefficient distribution during the nanoscratching process. The effects of applied normal load on the frictional coefficient and material-wear rate were also investigated. This paper has presented several important findings derived from the study's results, as follows. 
